Seminal fluid proteins (SFPs) directly influence a wide range of reproductive processes, including fertilization, sperm storage, egg production, and immune response. Like many other reproductive proteins, the molecular evolution of SFPs is generally characterized by rapid and frequently adaptive evolution. However, the evolutionary processes underlying this often-documented pattern have not yet been confidently determined. A robust understanding of the processes governing SFP evolution will ultimately require identifying SFPs and characterizing their evolution in many different taxa, often where only limited genomic resources are available. Here, we report the first comprehensive molecular genetic and evolutionary analysis of SFPs conducted in Lepidoptera (moths and butterflies). We have identified 51 novel SFPs from two species of Heliconius butterflies (Heliconius erato and Heliconius melpomene) by combining ''indirect'' bioinformatic and expression analyses of expressed sequence tags from male accessory gland and wing tissues with ''direct'' proteomic analyses of spermatophores. Proteomic analyses identified fewer SFPs than the indirect criteria but gave consistent results. Of 51 SFPs, 40 were identified in both species but fewer than half could be functionally annotated via similarity searches (Blast, IPRscan, etc.). The majority of annotated Heliconius SFPs were predicted to be chymotrypsins. Comparisons of Heliconius SFPs with those from fruit fly, mosquito, honeybee, and cricket suggest that gene turnover is high among these proteins and that SFPs are rarely conserved across insect orders. Pairwise estimates of evolutionary rates between SFPs and nonreproductive proteins show that, on average, Heliconius SFPs are evolving rapidly. At least one of these SFPs is evolving adaptively (dN/dS . 1), implicating a role for positive selection in this rapid evolution. This work establishes a strong precedent for future research on the causes and consequences of reproductive protein evolution in the Lepidoptera. Butterflies and moths have an extremely rich history of organismal research, which will provide an informative ecological context for further molecular evolutionary investigations.
Introduction
Seminal fluid proteins (SFPs) play an essential role in fertilization, influence the outcome of postmating sexual selection, modulate female reproductive physiology and immune response, and in some cases have either toxic or directly beneficial effects on females (Clark et al. 1995; Gillott 2003; Fiumera et al. 2005; Mueller et al. 2007; Ram and Wolfner 2007; Robertson 2007) . Given the large potential fitness effects of functional variation in SFPs, it is striking that in many taxa SFPs are often unusually divergent between species and frequently evolve via positive selection (Clark and Swanson 2005; Mueller et al. 2005; Andres et al. 2006; Findlay et al. 2008; Dean et al. 2009; Ramm et al. 2009 ). Accordingly, SFPs are a commonly cited example of the rapid, adaptive evolution often observed among reproductive proteins. Yet the evolutionary processes underlying this widely documented pattern have not yet been confidently determined. In most cases, the available data are insufficient to evaluate the relative importance of processes such as relaxed constraint, microbial attack, sexual selection, or several other phenomena proffered to explain the rapid evolution of SFPs and other reproductive proteins (reviewed in Clark et al. 2006; Turner and Hoekstra 2008) . Contrasting with this frequent observation of rapid and adaptive evolution, the functional classes represented by SFPs appear to be conserved, with many of the same classes shared between mammals and insects (Mueller et al. 2004; Sirot et al. 2008) . Reasons for such functional and structural constraint in the face of rapid sequence evolution remain unknown.
Currently, research on SFPs is primarily concentrated in a few model species of primates, rodents, and flies in the genus Drosophila where the depth of genomic resources has facilitated rapid identification and characterization of these proteins (Swanson et al. 2001b; Clark and Swanson 2005; Findlay et al. 2008; Karn et al. 2008; Dean et al. 2009 ). However, understanding the enigmatic nature of SFP evolution will require developing a broad comparative framework in which to analyze evolutionary rates, patterns of homology, protein function, and correlations with mating system. Pursuing such research among insects is particularly promising because genomic resources are expanding rapidly for many ecologically and phylogenetically diverse species that are also experimentally tractable. There is already a good precedent for such work in insects. The function and evolution of SFPs are better characterized in Drosophila melanogaster and its close relatives than in any other group of organisms (Swanson et al. 2001a; Mueller et al. 2005; Haerty et al. 2007; Ram and Wolfner 2007; Findlay et al. 2008 Findlay et al. , 2009 ). However, two promising and complementary approaches for identifying SFPs exist even when genomic resources are more limited than they are for Drosophila (Findlay and Swanson 2010) .
The first approach involves generating expressed sequence tags (ESTs) from reproductive tissues and using patterns of tissue-specific expression combined with bioinformatic annotations as criteria to identify putative SFPs. For instance, loci which are highly expressed in male reproductive tissues and for which the encoded protein possesses a predicted signal peptide (indicating extracellular secretion) are likely to be SFPs (Swanson et al. 2001a (Swanson et al. , 2004 Wagstaff and Begun 2005; Andres et al. 2006; Braswell et al. 2006; Davies and Chapman 2006; Walters and Harrison 2008; Almeida and DeSalle 2009 ). This approach is inherently indirect. Inference of a protein's involvement in reproductive functions arises via an ''argument from consistency'' of several criteria rather than from direct observation of function. The second approach to identifying reproductive proteins offers a more direct inference. Proteomic analyses combining liquid chromatography with mass spectrometry can identify thousands of proteins present in complex biological samples (Steen and Mann 2004; Karr 2008) . This method depends on having a protein sequence database to which peptide mass spectra can be matched, so it is most effective in organisms with a complete and well-annotated genome sequence. Nonetheless, the method can be used effectively in the absence of a complete genomic sequence by comparing spectra with protein predictions from ESTs Clark et al. 2007 ; Andres et al. 2008; Brautigam et al. 2008) . Proteomic analyses have proved to be extremely effective in identifying protein components of the ejaculate from many different taxa (Fung et al. 2004; Collins et al. 2006; Kelly et al. 2006; Andres et al. 2008; Findlay et al. 2008 Findlay et al. , 2009 Sirot et al. 2008; Dean et al. 2009 ). Direct proteomic detection of SFPs complements the indirect approach because: 1) it allows a confirmation of the indirect inferences and 2) in nonmodel organisms transcriptome sequence (i.e., EST analysis) will be the starting point for both methods.
To date, among insects, SFPs have been surveyed using one or both of these approaches in several Diptera species (flies and mosquitoes), Gryllus field crickets (Orthoptera), and honeybee (Hymenoptera) (Andres et al. , 2008 Collins et al. 2006; Sirot et al. 2008; Almeida and DeSalle 2009; Baer et al. 2009 ). Here, we present the first survey and evolutionary analysis of SFPs in Lepidoptera (moths and butterflies), combining both an indirect approach and a direct proteomic analysis (2D liquid chromatography tandem mass spectrometry [2d-LC/MS]) from two species of butterflies, both in the genus Heliconius. Lepidoptera have a rich history as study organisms in ecological and evolutionary research (Boggs et al. 2003) . In particular, the evolution and function of ejaculates have been carefully investigated in many Lepidopteran species, especially butterflies. The mass, protein content, and production rate of spermatophores transferred by males all correlate positively with female remating rate (Svard and Wiklund 1989; Bissoondath and Wiklund 1995) . Male butterflies can adjust components of their ejaculate in response to sperm competition and risk (Wedell and Cook 1999; Andersson et al. 2004; Solensky and Oberhauser 2009) . Also, many male-derived compounds transferred during copulation clearly benefit females directly (Boggs 1979; Boggs et al. 1981; Karlsson 1995) , suggesting that sexual conflict may not be a major force in shaping the evolution of Lepidopteran ejaculates .
Despite this broad characterization of ejaculate evolution and function, little is known about individual proteins comprising Lepidopteran ejaculates. Most previous attempts to identify individual components transferred from males to females in spermatophores have focused on nonprotein chemical compounds such as sodium, which functions as a dietary supplement to females (Smedley and Eisner 1996) , or cyanogenic compounds, which play a role in chemical defense from predation (Cardoso and Gilbert 2007; Cardoso et al. 2009 ). Nonetheless, there is evidence in Lepidoptera for a direct connection between SFPs and female reproductive physiology. Oogenesis and oviposition are stimulated in female Helicoverpa armigera moths after injection with purified protein fractions extracted from male accessory glands (Jin and Gong 2001) .
Heliconius butterflies have played an integral role in studies analyzing the content and function of spermatophores and, more broadly, have been a model system for evolutionary and ecological genetics for over a century. Recently, the genomic resources have expanded dramatically for two species, Heliconius erato and Heliconius melpomene, and now include extensive collections of ESTs, bacterial artificial chromosome genomic libraries, and linkage maps Joron et al. 2006; Kapan et al. 2006; Papanicolaou et al. 2008) . Focusing on these two species and leveraging their genomic resources, we report the identification of over 50 SFPs in Heliconius and compare the identity and predicted function of these proteins with SFPs in other insects. We also demonstrate that this group of proteins is rapidly evolving relative to a large sample of nonreproductive proteins. Finally, we show at least one of these proteins is evolving adaptively, implicating a role for positive selection in explaining this rapid evolution.
Methods

Identification of Heliconius SFPs
We employed two approaches for identifying SFPs in Heliconius butterflies. The first approach follows the set of ''indirect'' criteria typically employed in identifying insect SFPs: 1) a pattern of gene expression consistent with expression primarily in the male accessory gland and 2) the presence of a computationally predicted signal peptide in the encoded protein, indicating that the protein is secreted (Swanson et al. 2001a (Swanson et al. , 2004 Walters and Harrison 2008; Almeida and DeSalle 2009) . The second approach ''directly'' identifies SFPs via proteomic analysis of seminal fluid. In both cases, our starting point was a collection of ;1,100 ESTs (;350 unigenes) sequenced from each of two male accessory gland cDNA libraries constructed from H. melpomene and H. erato (Walters and Harrison 2008) .
Indirect Criteria, Part I: Candidate SFPs Two distinct bioinformatic approaches were used to identify candidate SFP loci among unigenes present in the two Heliconius accessory gland libraries. First, all accessory gland unigene open reading frames (ORFs) were 1) Blasted against ;18,000 ESTs derived from H. erato imaginal wing tissue (Papanicolaou et al. 2005 (Papanicolaou et al. , 2008 Walters and Harrison 2008) and 2) assayed for the presence of a predicted signal peptide using the SignalP software (Nielsen et al. 1997; Bendtsen et al. 2004) . Accessory gland unigenes lacking a significant BlastN hit (E , 10 À10 ) to any wing EST but containing a predicted signal peptide were considered candidate SFPs; these are likely to be secreted proteins that are expressed primarily or exclusively in the male accessory gland. The second bioinformatic approach was based on the protein functional class of unigene ORFs determined using InterProScan (Zdobnov and Apweiler 2001) . Unigenes with predicted functions similar to known SFPs were also considered candidate SFPs (Mueller et al. 2004) , regardless of the criteria applied in the first approach described above.
Indirect Criteria, Part II: Qualitative Gene Expression Assays For each bioinformatically identified candidate SFP gene, we qualitatively characterized expression patterns using reverse transcriptase-polymerase chain reaction (RT-PCR). The goal of these experiments was to identify candidate SFP loci showing expression patterns consistent with being SFPs. Expression was assayed in three body segments: female abdomen, male abdomen, and thorax. The expectation was that true SFP genes should amplify strongly from male abdomen and only weakly or not at all from the other two segments. (We note, however, that proteomic analyses have recently identified SFP genes that do not follow this expected pattern of expression [Bebas et al. 2008; Findlay et al. 2008; Sirot et al. 2008] .) Locus-specific PCR primers were designed within predicted ORF sequence using Primer3 (Rozen et al. 2000) . All PCR primers used in the research presented here are available from the authors upon request. Total RNA was extracted separately from the abdomen or thorax of each of three adult male or female H. melpomene (from stocks maintained at the University of Texas, Austin) and H. erato (from stocks maintained at the University of Puerto Rico, Rio Piedras). Extractions were performed using TRIzol reagent (Invitrogen, Carlsbad, CA) and subsequently purified using RNeasy columns (Qiagen, Valencia, CA). A standard concentration of total RNA from each of these RNA extractions (H. erato, 1 lg; H. melpomene, 0.5 lg) was treated with DNase (Invitrogen) and reverse transcribed into single-stranded cDNA using poly-T primers, SuperScript III Reverse Transcriptase (Invitrogen), and following the manufacturer's protocol. This cDNA was diluted (H. erato, 10-fold; H. melpomene, 5-fold) and 1 ll was used as template in a 10-ll touchdown PCR with the following cycling parameters: initial denaturation of 95°C (2 min), 12 cycles of 95°C (30 s), then 65-54°C (30 s, decreasing 1°per cycle), then 72°C (2 min); 23 cycles of 95°C (30 s), then 53°C (30 s), then 72°C (2 min), and a final extension of 72°C (4 min). Three microliters of the reaction was electrophoresed on a 1.2% agarose gel, stained with ethidium bromide and visualized under ultraviolet light. Patterns of expression were qualitatively scored as being ''consistent'' or ''not consistent'' with the pattern expected for SFPs (see Results; fig. 1 ). The gene a-tubulin was used as a positive control.
Direct Criteria: Proteomic Analyses
Complete details of spermatophore sample collection and proteomic analyses are as reported in Walters and Harrison (2008) . Briefly, spermatophores were collected from freshly mated H. melpomene (7 females) or H. erato (12 females), crushed in saline solution, and centrifuged to pellet sperm and the solid remnants of the spermatophore. The supernatant was sent to the Genome BC Proteomics Centre (University of Victoria, Canada) for 2d-LC/MS proteomic analysis. We searched the resulting spectra against a protein database generated from the combined H. erato and H. melpomene accessory gland unigene sequences using the MASCOT 2.0 software (Matrix Science, Boston, MA). The protein database, created using custom Perl scripts, consisted of all ORFs ! 40 amino acids from all three forward reading frames for each unigene as well as likely contaminants: pig trypsin and human keratin obtained from the IPI database (Kersey et al. 2004 ). Another similar database was generated and searched which included unigenes combined from both accessory gland and wing ESTs. Protein ''hits'' to the databases were determined using MAS-COT's aggressive (MudPIT) scoring algorithm with a significance threshold of P 0.01.
Identification of Homologous Loci and ORF Sequencing
Homologous sequences between H. melpomene and H. erato were identified via manual inspection of reciprocal Blast analyses of accessory gland unigenes between the two species. High scoring pairs of loci that were reciprocal best Blast hits (RBBHs) were considered orthologous. For SFP genes initially isolated from only one species, cross-species PCR was attempted to amplify the orthologous sequence. Amplicons were enzymatically cleaned with EXOSAP, sequenced directly in both directions with ABI Prism BigDye Terminator cycle sequencing chemistry, and analyzed on an ABI 3730 automated sequencer. Base calling and assembly of chromatograms were performed using the phred-phrap algorithm as implemented in the CodonCode Aligner software (CodonCode Corp., Dedham, MA). We assigned a unique identifier, such as ''HACP001'' or ''HACP054,'' to each protein to use as a label and index. Complete ORFs were determined for most loci either by complete sequencing of cDNA library clones or by 5# and 3# RACE (Matz et al. 1999 (Matz et al. , 2003 . RACE was also used Walters and Harrison · doi:10.1093/molbev/msq092 MBE to obtain complete ORF sequences from several additional Heliconius species for HACP004 and HACP0018.
SFP Annotations
We used several approaches to annotate and characterize the identified Heliconius SFPs. First, we queried (BlastX) SFP sequences against GenBank's nonredundant protein database. Second, we searched for predicted protein domains among SFPs using InterProScan. Third, we submitted each SFP to the PHYRE protein fold recognition server (BennettLovsey et al. 2008) . Finally, we queried (BlastP) SFP sequences against the complete set of predicted D. melanogaster proteins and recorded the Gene Ontology annotations from FlyBase for the best hit (E , 10 À3 ) (Tweedie et al. 2009 ). Based on results from these four approaches, we assigned a single ''summary'' functional annotation for each locus.
We also searched specifically for similarity between Heliconius SFPs and other known insect SFPs by querying (BlastP) Heliconius SFPs against the complete proteome of D. melanogaster, Apis mellifera, and Aedes aegypti. Results from these Blast searches were cross-referenced with published sets of SFPs from these insects (Collins et al. 2006; Ram and Wolfner 2007; Findlay et al. 2008; Sirot et al. 2008; Baer et al. 2009 ). Comparisons were also made to SFPs identified in the field cricket Gryllus firmus, although the lack of genome sequence precluded the above approach (Andres et al. , 2008 . Instead, we simply directly queried (BlastP) Heliconius against Gryllus SFPs and also searched for Gryllus SFPs among top Blast hits to the complete nonredundant GenBank protein database.
Evolutionary Analyses
Pairwise Comparisons
We estimated evolutionary rates of 30 SFPs for which pairwise alignments .50 amino acids in length were available in our data. For comparison with the SFPs, 363 alignments of ''control'' loci (also .50 amino acids) were obtained from unigenes derived from H. melpomene and H. erato wing ESTs (downloaded from ButterflyBase, January 2009). Pairs of RBBH (BlastP; E , 10 À10 ) unigenes were aligned as proteins with ClustalW (Thompson et al. 1994) and back translated to the original DNA sequences for analysis using codon models. Maximum likelihood estimates of synonymous and nonsynonymous evolutionary rates for SFP and control loci were obtained using the codeml application (runmode 5 -2; pairwise estimates) in the PAML software package (Yang 1997) . Third position GC content (GC3) and codon bias (effective number of codons; ENc) were estimated for each locus from both species using the CodonW software (http://codonw.sourceforge.net).
We tested for differences in evolutionary rates between SFPs and control proteins using a permutation t-test and also an analysis of covariance (ANCOVA). For the permutation t-test, a null distribution of sample mean differences was generated by randomly shuffling the complete data set between two samples equal in size to initial SFP and control groups. For the ANCOVA, the full model fit nonsynonymous rate as the response predicted by synonymous rate, GC3, and ENc as covariates and ''gene class'' as a factor: Ln[dN] ; dS þ GC3 þ ENc þ Class (a natural log transformation of the response variable was necessary to meet model assumptions). The significance of predictor variables was tested using an analysis of variance (ANOVA) to compare the full model (including Class) and a reduced model (omitting Class). All statistical analyses were conducted using the R statistical software package (R Core Development Team 2009 ).
Multiple-Species Comparisons
Two SFPs, HACP004 and HACP018, showed pairwise x % 0.5, suggesting that expanding analyses to include data from additional species would likely reveal evidence for adaptive evolution at these loci (see Results for further explanation). For these sequences, we obtained complete ORF sequence (via RACE and sequencing as above) from several Heliconius species and at least one outgroup (details of species and sample data are listed in supplementary table S4, Supplementary Material online). DNA alignments of the coding regions were generated using ClustalW to align the protein translations and then back translated to the original DNA sequence. Using these alignments, we tested for adaptively evolving codon sites (x . 1) using the maximum likelihood (ML) models implemented in PAML v. 4.2 (Yang 1997) . We compared models M1a to M2a, M7 to M8, and M8a to M8 with significance of model fit determined via likelihood ratio tests. We performed these analyses assuming three different phylogenetic topologies for each locus. First, we used a topology based on a previously published multilocus molecular phylogeny of the group (Beltran et al. 2007) . We also performed these tests with topologies inferred via ML and neighbor joining (NJ) methodologies. These phylogenies were reconstructed using the DNAml and DNAdist applications in the PHYLIP software package as implemented in the BioEdit software package (Hall 1999; Felsenstein 2005) .
Results
Identification of Heliconius SFPs
We identified 51 genes putatively encoding SFPs in Heliconius butterflies (table 1) . This number reflects the combined results of both indirect and direct approaches to infer which accessory gland unigenes corresponded to SFPs. Gene sequences are available in GenBank (HM023775-HM02385). Another three proteins putatively encoding spermatophore structural proteins were previously described elsewhere (Walters and Harrison 2008) , and we do not discuss them further here.
Indirect Inference of SFPs: Bioinformatic Analysis and Differential Tissue Expression
Focusing on the expected patterns of tissue-limited gene expression and extracellular secretion, we initially used a series of bioinformatic criteria to obtain a set of candidate SFP genes from the complete set of accessory gland library EST Seminal Fluid Proteins in Heliconius Butterflies · doi:10.1093/molbev/msq092 MBE unigenes. To evaluate differential patterns of expression, we performed a Blast-based in silico subtraction between unigenes from the accessory gland libraries and genes expressed in the imaginal wing disk of H. erato. In both accessory gland libraries, 36% of accessory gland unigene ORFs (H. erato: 140; H. melpomene: 127) had significant Blast hits (E , 10 À10 ) to wing ESTs. We excluded these unigenes from being candidate SFPs on the assumption that genes expressed in developing wing tissue are unlikely to also encode proteins transferred to females in seminal fluid. Extracellular secretion was inferred by the presence of a computationally predicted signal peptide (Nielsen et al. 1997; Bendtsen et al. 2004 ). In both species, about 25% of ORFs contained a predicted 5# signal peptide (H. erato: 86; H. melpomene: 92; Walters and Harrison 2008) .
Combining these two criteria, the lack of a Blast hit to wing ESTs and the presence of a signal peptide, we generated 95 candidate SFP genes (H. erato: 49; H. melpomene: 46). To this group we added an additional 17 H. erato unigenes and 11 H. melpomene candidates. These additional candidate SFPs were excluded by one or both of the above criteria, but they were predicted (via InterProScan) to have a function similar to that of other known SFPs (Mueller et al. 2004 ). This produced a total of 123 candidate SFP unigenes.
Validation of Candidate SFPs Via Tissue-Specific RT-PCR Candidate SFP unigenes were assayed for tissue-specific expression patterns via RT-PCR from standard concentrations of total RNA isolated from male abdomen, male thorax, and female abdomen. Of the 123 candidates assayed, 65 (H. erato: 33; H. melpomene: 32) showed expression patterns consistent with being SFP genes; they amplified strongly from male abdomen but weakly or not at all from male thorax and female abdomen ( fig. 1) . Furthermore, many of these 65 proteins appeared to overlap between species and to have been independently isolated in parallel. Careful manual inspection of Blast comparisons within and between species indicated that 46 unique loci were represented among the 65 candidates with SFP-consistent expression. We henceforth refer to these 46 confirmed candidates as indirect SFPs. Patterns of expression were consistent between species. There were 29 indirect SFP loci where expression had been assayed in both species and could be compared for consistency between species. Only three showed patterns of expression consistent with being an SFP in one species but not the other (table 1) .
Direct Inference of SFPs: Proteomic Analysis
Tandem mass spectrometry (2d-LC/MS) of spermatophores from H. erato and H. melpomene provided a means for directly identifying proteins passed to females during copulation. Here we limit our discussion to the results from searching the database consisting only of unigenes from accessory gland ESTs. Results from querying the database including wing ESTs were very similar, producing the same hits to accessory gland unigenes and also some additional matches to ''housekeeping'' genes (as described below).
In H. erato, 25 different accessory gland unigene ORFs were significantly matched (protein score, P , 0.01) to peptides present in the spermatophore. Twenty one of these proteins contained a predicted signal peptide, and we therefore consider them putative SFPs. The remaining four proteins identified had, respectively, highly significant Blast hits to DOPA-decarboxylase, fructose-bisphosphate aldolase, cystathionine beta-synthetase, and cytochrome oxidase II. The first two of these ORFs appeared to be complete at the 5# end and yielded negative results for predicted signal peptides (though it is possible that noncannonical signal peptides were present but undetected by the algorithms used). We presume these four proteins are not SFPs and reflect housekeeping genes that were present in sperm or other tissues that were inadvertently included in the spermatophore sample. In H. melpomene, 10 unigenes were significantly matched to spermatophore peptides. Nine of these had a predicted signal peptide and we consider these SFPs. The remaining one matched the same cystathionine beta-synthetase-like unigene as in H. erato. In all cases, the peptide matches corresponded to the ORF initially predicted by the PartiGene EST pipeline (Walters and Harrison 2008) .
Comparing results between species revealed that seven of the proteomically identified SFPs were recovered from both species, yielding a total of 23 directly identified SFPs. Of these, 18 were also identified as SFPs via the indirect criteria, whereas five were not previously identified via indirect criteria (H. erato: 2; H. melpomene: 2; 1 shared).
Homology Between H. erato and H. melpomene
We used two approaches to identify or obtain homologous SFP gene sequences between H. erato and H. melpomene. First, reciprocal Blasting between EST libraries followed by intensive manual inspection of results revealed that many apparently orthologous pairs of SFP genes were already present among accessory gland unigenes from the two species. When a gene was present in the ESTs of only one species, we attempted to amplify a homologous MBE fragment from the missing species using cross-species RT-PCR. These approaches yielded homologous sequences for 40 of the 51 putative SFPs identified overall. Five loci identified in H. melpomene and six from H. erato could not be successfully cross-amplified in the other species despite attempts using several combinations of standard and degenerate primers.
Walters and Harrison
Of the 40 SFPs with homologous sequence isolated from both species, 35 appeared to be orthologous with no indication of paralogy in either species. However, the remaining five showed confusing patterns of variation either between individuals, between tissues, or across species, which we were unable to resolve sufficiently to allow evolutionary analyses. This variation may reflect biological phenomena such as paralogy or alternative splicing, or it may be an artifact (e.g., of in vitro PCR recombination).
Comparison to Other Species and Functional Annotations
The majority of Heliconius SFPs showed no significant BlastX similarity (E , 10 À5 ) to proteins in GenBank, could not be readily annotated, and appear to be novel proteins (table 1 and supplementary table S1 , Supplementary Material online). We determined functional categories for 20 Heliconius SFPs using a combination of InterProScan, PHYRE, and Blast similarity to annotated D. melanogaster proteins. Exactly half of these were chymotrypsins, which was the most common functional class, followed by proteinase inhibitors, of which there were three. The frequencies of observed functional groups are listed in table 2.
SFPs have been extensively surveyed in three other insects with fully sequenced genomes: Fruit fly (D. melanogaster), honey bee (Ap. mellifera), and the yellow fever mosquito (Ae. aegypti; Collins et al. 2006; Ram and Wolfner 2007; Findlay et al. 2008; Sirot et al. 2008; Baer et al. 2009 ). We Blasted the Heliconius SFPs against the complete set of protein predictions for each of these insects and crossreferenced the top 30 hits with the SFPs identified from each of these insects (table 3) . Fourteen Heliconius SFPs showed significant similarity (E , 10 À4 ) to SFPs from these three species, but very few of these matched SFPs in more than one species. Also, more than half of these hits were to a single honeybee chymotrypsin protease with a low e value or modest ranking among other hits in the genome.
A similar pattern arose in the direct comparisons with Gryllus SFPs. Ten Heliconius proteins, all chymotrypsins, hit a total of five Gryllus proteins, often with each Heliconius protein returning hits to all five from Gryllus (supplementary table S5, Supplementary Material online). One of these Gryllus proteins (GenBank ABG75840) was also the highest ranking BlastP hit for HACP037 (and second highest for HACP003) when searching against all GenBank proteins.
Evolutionary Analyses
We compared patterns of molecular evolution between Heliconius SFPs and a set of 363 control loci consisting of unigenes derived from ESTs sequenced from developing wing tissue of H. erato and H. melpomene ( fig. 2 ; supplementary table S3, Supplementary Material online; Papanicolaou et al. 2008) . SFPs showed a clear pattern of accelerated evolution relative to the control loci (table 4). Permutation t-tests yielded a highly significant difference (P , 0.001) for dN, dS, and x (the dN/dS ratio) between SFP and control loci ( fig. 3 ). SFPs in both species also show significantly lower GC3 values and less codon bias compared with control loci (fig. 3, table 4 , and supplementary fig. S1 , Supplementary Material online). Note that the ENc statistic is interpreted such that higher values mean less codon bias.
In addition to the permutation tests, we used a regression framework to test for differences in rates of protein evolution between gene classes while also taking into account differences in GC content and codon bias. In order to meet model assumptions, we used a natural log transformation of dN as the response variable. Also, 98 control loci with no observed nonsynonymous differences were discarded. This means the ensuing test for an elevated rate of nonsynonymous evolution was conservative because all control loci showing no protein divergence were excluded from the test. An ANOVA model comparison showed a significantly better fit (P , 0.001) for a model that included the factor gene class as the final term in the model. The effect of being an SFP significantly increased the average rate of evolution above that of the control loci. Comparable results are obtained using estimates of GC3 and ENc from either H. erato or H. melpomene. There is also a similarly significant effect of gene class when the AN-COVA is parameterized with Ln(x) as the response in place of Ln(dN); dS is dropped as a predictor in this case.
None of the SFPs assayed showed a clear signature of adaptive evolution (i.e., x . 1) based on the pairwise estimates of evolutionary rate. However, such pairwise comparisons are a highly conservative test for positive selection because the estimate of evolutionary rate is averaged across an entire protein, potentially obscuring a signal of adaptive evolution that has occurred at specific codon sites (Anisimova and Kosiol 2009) . A more powerful and sensitive approach is to use models that allow for selective pressures to vary across codon sites in the gene. Such site models require a multiple-species alignment. Loci showing x ! 0.5 from pairwise estimates often show evidence of adaptive evolution when a site model is applied (Swanson et al. 2004; Clark and Swanson 2005) . Two SFP loci met this criteria: HACP004 and HACP018. For this reason, we sequenced these loci in several other Heliconius and Eueides (the sister genus) species (GenBank: HM023859-HM023871 and HM023872-HM023884) and tested for adaptive evolution using site models implemented in PAML (codeml).
We conducted these analyses assuming three different genealogies for each locus: a published species-level phylogeny as well as ML and NJ trees inferred directly from the data. The published and inferred phylogenies differed only slightly for both loci and the results of the codon site models were comparable between phylogenies (see supplementary fig. S2, Supplementary Material online) . For the sake of simplicity, we focus here only on the results associated with the published species tree. HACP004 showed a strong signal of adaptive evolution for all three model comparisons (P , 0.001). The M8 model indicates 8.5% of codons sites are adaptively evolving with average x 5 4.3. In contrast, HACP018 showed no evidence for adaptive evolution in its recent history. In this case, none of the model comparisons rejected the null hypothesis and estimates of x were well below 1.
Discussion
Identification of SFPs
Our results confirm that a combination of EST analysis, bioinformatics, expression assays, and proteomics is an effective way to identify SFPs in organisms when a reference genome sequence is not available. By combining direct proteomic assays with expression assays and bioinformatic criteria, we identified 51 putative SFPs from H. erato and H. melpomene. Many of the same loci were obtained independently from both species, which increases our confidence that we have accurately identified a representative set of SFPs in Heliconius butterflies. The two approaches used to identify these loci were also consistent, although the proteomic method detected fewer loci than the indirect approach, particularly in H. melpomene.
SFP Function and Homology
Two striking patterns are apparent among the functional annotations of Heliconius SFPs. First, a majority of SFPs could not be functionally annotated in any way, including having no significant BlastP hits (E , 10 À5 ) to GenBank. Although we employed several different methods to infer the function of Heliconius SFPs, such inferences typically rely on primary sequence similarity to other sequences (or sequence clusters) of known function (Higgs and Attwood 2005) . When sequences being annotated are rapidly evolving, which may frequently be the case for SFPs, it is reasonable to expect difficulty with annotations using this approach. An alternative is to base annotations on similarities in predicted protein folding and tertiary structure rather than primary sequence (e.g., comparative structural modeling; BennettLovsey et al. 2008) . This approach allowed the functional annotation of many Drosophila SFPs that could not be annotated on the basis of primary sequence comparisons (Mueller et al. 2004 ). In our case, however, results from the PHYRE protein fold recognition metaserver were highly consistent with other methods based on primary sequence similarity (supplementary table S1, Supplementary Material online). In only two cases (HACP043 and HACP054) did the comparative structural modeling method show significant similarities to proteins where primary sequence comparisons did not. This suggests that many of these unannotated Heliconius SFPs may be novel in both structure and function. More exhaustive structural modeling efforts as well as empirical characterization of function will be needed to verify and expand these annotations.
The second major pattern among the functional annotations is the prevalence of proteins predicted to regulate proteolysis. Ten are serine proteases (chymotrypsins) and (table 2 ). An abundance of protease and protease inhibitors is common among SFPs and is consistent with observations from many different taxa ranging from mammals to insects (Gillott 2003; Mueller et al. 2004; Sirot et al. 2008) . Recent work in D. melanogaster indicates that in many cases these proteolytic regulators function to control the activation and stability of peptide hormones (also transferred as SFPs), which are primarily responsible for major postmating changes in female reproductive physiology and behavior (Wolfner 2009 ). Other common functional classes of SFPs found in Heliconius and other organisms, such as cysteine richsecreted proteins (CRISPs), are also directly involved in the delivery and stability of male-derived hormones (Ram and Wolfner 2009 ). Thus, it may be that the common array of functional classes found among SFPs from various organisms reflect a common function of mitigating the processing and localization of hormones which are, by far, the most common functional class of SFPs found in D. melanogaster (Wolfner 2009 ). Although no hormone or hormone precursors were obvious among Heliconius SFPs, one hormone-binding protein was found and more than half of these proteins still await functional annotation. Beyond the persistence or expansion of functional classes in SFPs across taxa, another important issue is to what extent homology-even orthology-can be detected between SFPs from distantly related taxa. Here, we must consider two different levels of homology. Like the wings of birds and bats, which are homologous as forelimbs but not as wings, SFPs may be genealogically homologous (i.e., orthologous or paralogous) but have independently acquired a reproductive function. To address this issue, we cross-referenced published lists of SFPs with the results from Blasting Heliconius SFPs against the complete proteome of fruit fly (D. melanogaster), mosquito (Ae. aegypti), and honeybee (Ap. mellifera) and also made comparisons with SFPs from a field cricket (G. firmus). If SFPs from these species are also top blast hits to Heliconius SFPs, this would suggest that orthologous proteins have been conserved SFPs.
Fourteen Heliconius SFPs showed at least moderate BlastP similarity (E , 10 À4 ) to SFPs from the other insects (table 3) , but the results suggest that it is rare for orthologous proteins to be conserved as SFPs between orders of insects. Robustly interpreting these results in the context of orthology and paralogy would ultimately require a complete genome sequence in Heliconius. Nonetheless, it seems clear that in most cases the Blast similarity of Heliconius SFPs to those in other species reflects homology within large protein families in which paralogous members have independently become SFPs. These are cases where the Blast hit to the SFP ranks relatively low among the 30 recorded hits, and there is a large score differential between the SFP hit and the top ranking hit. For instance, several Heliconius SFPs hit the same honeybee chymotrypsin SFP, but none are high-ranking hits with small e values. These results are consistent with the well-established observation that certain functional groups, often corresponding to large gene families, persist among SFPs across diverse taxa. However, these results indicate substantial turnover (i.e., little orthology) among loci that encode SFPs.
In comparison with Gryllus, several Heliconius SFPs (all chymotrypsins) returned hits to many of the same five Gryllus proteins. Again, discerning orthology from paralogy is difficult when complete genome sequences are missing from both taxa. However, it is striking that Blasts against all GenBank proteins return one of these Gryllus proteins as Significance: ***P , 0.001; **P , 0.01; *P , 0.05.
Seminal Fluid Proteins in Heliconius Butterflies · doi:10.1093/molbev/msq092 MBE a strong top-ranked hit to HACP037, and a similarly strong second-ranked hit to HACP003. Given the divergence between these species, this result seems highly unlikely to arise simply because the proteins are members of a large gene family and suggests that these loci may indeed be conserved as SFPs.
In the Blast of H. erato SFPs against fruit fly, HACP059 returned a top hit to an SFP, which might be interpreted as evidence for orthology between SFPs. However, at this locus, the sequence from H. erato is incomplete relative to H. melpomene. A similar result was not obtained from the comparable Blast search in H. melpomene, and in both species this protein shows strong similarity to many fruit fly proteins (several of which also happen to be SFPs). We thus do not consider this top hit from H. erato to indicate orthology between Heliconius and Drosohpila SFPs for this locus.
The strongest argument for orthology between SFPs based on Blast results can be made for HACP054 and HACP061. In both cases, the Blasts to fruit fly returned only a single hit to an SFP. The putative D. melanogaster ortholog to HACP054 is not functionally annotated in FlyBase but was found to be transferred to females at mating (Findlay et al. 2008; Tweedie et al. 2009 ). However, comparative structural modeling (via PHYRE) of both the Heliconius and D. melanogaster protein sequences indicates a significant similarity to a juvenile hormone-binding protein from wax moth (Galleria mellonella). Curiously, no sequences similar to HACP054 were found in the Bombyx mori (silk moth) genome; neither BlastP searches to protein predictions nor TBlastX search to the complete nucleotide assembly returned significant hits. However, the current B. mori genome assembly is only 80% complete, covering only 432 Mb of the 530 Mb genome, so there is a good chance that the homologous sequence is absent from the current assembly (Yamamoto et al. 2008) . Searches (TBlastN) against several other insect genomes yielded moderate alignments (bit scores % 40) with a single sequence each in Anopheles gambiae and Tribolium castaneum (results not shown).
HACP061 and its sole Blast hit in fruit fly are both predicted to be CRISPs; Ram and Wolfner (2007) list the fruit fly protein as functioning in ''defense response.'' Protein Blast in B. mori yields a single highly significant hit (BGIBM-GA000027; E 5 2 Â 10 À31 ) and TBlastN returns significant alignments in the same genomic location and nowhere else. No similar sequences were found in other insect genomes outside of Drosophila.
Although further work will be needed to verify the patterns of homology suggested here by Blast, these results indicate that orthology is relatively rare among SFPs across different insect orders and that there is substantial turnover among the proteins found in insect seminal fluid. This pattern of frequent turnover is broadly consistent with the observation that SFPs in Heliconius and other insects have, on average, an elevated evolutionary rate compared with other groups of proteins in the same genome (Swanson et al. 2001a ; Andres et al. 2006 ). Of course, not all SFPs evolve rapidly and some loci will be conserved between divergent taxa, though these are not necessarily the same proteins. For instance, HACP054 has the fifth highest x value among SFPs (and is among the top 5% for all loci examined), whereas Blast results suggest single-copy homologs exist in fly, mosquito, and beetle. It will be important for future evolutionary investigations of insect SFPs to tease apart patterns of evolutionary rate, orthology, and functional homology. There is already good evidence of functional conservation between Drosophila and Lepidoptera for one well-studied SFP, sex peptide. In Drosophila, sex peptide elicits several postmating responses in females, including increased oviposition and egg production thought to be mediated by upregulating juvenile hormone. Injecting synthetic sex peptide into virgin Helicoverpa armigera (bollworm moth) reduces sex pheromone production and upregulates juvenile hormone; these similar effects strongly indicate a conserved function (Fan et al. 1999 (Fan et al. , 2000 Wedell 2005; Ram and Wolfner 2007) . Although an obvious homolog has not been identified in any Lepidopteran species (and is not apparent among Heliconius SFPs), a putative homolog can be identified in honeybee (Ram and Wolfner 2007) . Similarly, homologs of the Drosophila receptor for sex peptide can be identified in many different insects and even in nematode worms (Yapici et al. 2008) . Such widely conserved SFPs should be of particular interest in the context of applied entomology because they presumably play a critical role in reproductive success. Disrupting their function might provide promising new approaches for pest management in many taxa.
Molecular Evolution of Heliconius SFPs
Given the expectation of rapid and adaptive evolution among reproductive proteins Vacquier 2002a, 2002b; Clark et al. 2006; Turner and Hoekstra 2008) , we sought to test for these patterns among Heliconius SFPs. The issue of rapid evolution is best formulated as a relative question: Are Heliconius SFPs evolving more rapidly on average than other groups of proteins? Our analyses show that the rate of molecular evolution is distinctly elevated among SFPs relative to the other proteins sampled (figs. 2 and 3, table 4), a result which extends the taxonomic breadth and further confirms the widespread observation of rapid evolution among SFPs. This observation of rapidly evolving SFPs also lays a foundation for developing Lepidoptera, and Heliconius butterflies in particular, as a model system to investigate the causes and consequences of rapid evolution of reproductive proteins. For instance, within Heliconius, many species in the genus exhibit an unusual ''pupal-mating'' behavior where females are distinctly less promiscuous than their ''adult-mating'' counterparts (Deinert 2003; Cardoso et al. 2009 ). This presents an intriguing opportunity to contrast patterns of reproductive protein evolution across mating systems. More broadly, in many Lepidopteran species, females directly benefit from mating (Boggs 1979; Boggs et al. 1981; Karlsson 1995) , a situation that contrasts substantially with Drosophila, where mating is typically costly to females and sexually antagonistic coevolution is thought to drive frequent adaptive evolution of SFPs (Wigby and Chapman 2005; Kuijper et al. 2006; Findlay et al. 2008) . Our observations support the argument that sexual conflict is not a requisite condition for the rapid evolution of SFPs. Andres et al. (2006) originally made this argument after documenting rapidly evolving SFPs in crickets, another taxon where mating typically benefits females.
However, it would be naive to attribute the observation of rapid evolution of Heliconius SFPs solely to the effect of differential selection pressures arising from reproductive processes. Several factors correlate with and may influence the evolutionary rate of proteins, including: mutation rate, nucleotide composition, codon bias, recombination, genomic location, expression level, etc. (Li 1997; Lynch 2007 ). Many of these factors cannot be addressed without a complete genomic sequence in Heliconius, but we did compare patterns of GC content and codon bias in SFP and control genes. Both GC content and codon bias are significantly lower among SFPs ( fig. 3) , potentially indicating that variation in evolutionary rates arises from mechanisms other than selection on protein function. However, regression analysis that accounts for these differences still indicates a significantly elevated evolutionary rate among SFPs. This suggests that these factors alone are not sufficient to explain the elevated rate of Heliconius SFPs and strengthens the argument that selection on protein function plays a prominent role in explaining the rapid evolution of these proteins.
In contrast to the issue of relatively rapid evolution, inferences of positive directional selection at the molecular level are typically formulated in an absolute sense by testing gene by gene for x . 1. Our analysis of evolutionary rates based on pairwise models yielded no loci with x . 1, although two SFP loci showed x ! 0.5, a threshold that is often a good predictor of observing adaptive evolution at specific codon sites when data from additional taxa are available (Swanson et al. 2004) . For these two loci, HACP018 and HACP004, we collected homologous sequence from several additional species and conducted full codon site analyses. None of the site model tests gave significant results for HACP018, so although this protein is evolving relatively rapidly, this elevated rate does not appear to be the result of recent positive selection. In contrast, HACP004 yielded highly significant results for all three tests (M1a-M2a, M7-M8, and M8a-M8), strongly implicating positive selection as a major factor underlying the rapid evolution of this protein. Considered broadly, this result confirms the principle that adaptive evolution is a reasonable explanation for the rapid evolution of some Heliconius SFPs (although clearly not all). Unfortunately, we were unable to functionally annotate either of these proteins, so we cannot yet discuss these results in any functional context.
Conclusion
A comprehensive understanding of the causes and consequences of reproductive protein evolution will require expanding the sampling of SFPs and other such proteins to include numerous and diverse taxa, often where genomic resources are limited. The work presented here substantially contributes toward this goal. We have combined proteomic, expression, and bioinformatic criteria to identify several dozen novel and rapidly evolving SFPs in Heliconius butterflies, an emerging genomic model system with a strong precedent of ecological, ethological, and evolutionary research. The Lepidoptera in general, and Heliconius in particular, have a rich history as model systems for studying the evolution of mating systems at the organismal level. Our work provides the foundation for extending this research to the molecular genetic level.
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